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Abstract. In this study, we investigate the method of polar- of aerosols would be ideally suited (Kaufman et al., 2002).
ized all-sky imaging with respect to aerosol characterization.However, satellite retrievals are of limited quality over sur-
As atechnical frame work for image processing and analysisfaces with high albedo such as deserts and snow cover.
we propose Zernike polynomials to decompose the relativeGround based remote sensing remains a key method to de-
Stokes parameter distributions. This defines a suitable antermine aerosol properties with high accuracy and is indis-
efficient feature vector which is also appealing because it ipensable for satellite validation.

independent of calibration, circumvents overexposure prob- The physical observable in remote sensing is the sky radi-
lems and is robust against pixel noise. We model the polarance, which is measured at different viewing angles (angu-
ized radiances of realistic aerosol scenarios and construct thar distribution), in different wavelength bands and includes
feature vector space of the key aerosol types in terms of thé¢he polarization state. The radiance distribution is commonly
first two principal components describing the maximal vari- measured with sky scanning radiometers with a small field-
ances. We show that, using this representation, aerosol typed-view (FOV) input optics pointing at discrete viewing an-
can be clearly distinguished with respect to fine and coarsgles. These measurements constitute the input data for re-
mode dominated size distribution and index of refraction.trieval schemes for aerosol optical properties, such as the one
We further investigate the individual influences of varying used for the Aerosol Robotic Network (AERONET) (Holben
aerosol properties and solar zenith angle. This suggests that al., 1998; Dubovik and King, 2000).

polarized all-sky imaging may improve aerosol characteri- An alternative method of measuring the sky radiance is
zation in combination with sky scanning radiometers of theall-sky imaging, i.e. projecting the polarized sky hemisphere
existing Aerosol Robotic Network (AERONET) especially at onto a camera chip with a fisheye objective (see e.g. North
low aerosol optical depths and low solar zenith angles. and Duggin, 1997; Liu and Voss, 1997; Pust and Shaw, 2008;
Cazorla et al., 2009; Kreuter et al., 2009). This method will
be the subject of this study and we want to explore its fea-
) sibility for aerosol characterization. Compared to standard
1 Introduction AERONET (sky scanning) measurements, all-sky imaging

. .. has advantages and disadvantages.
Aerosols in the atmosphere absorb and scatter solar radiation All-sky imagers capture the whole sky radiance distribu-

and hence modify the earth’s radiation budget. In addition o, in multiple wavelength bands in one exposure. This is a
this direct effect, several indirect effects involving cloud for- o4, advantage in terms of data acquisition speed of all ob-
mation add to the aerosols’ complex impact on climate thalgerapie viewing angles and wavelengths. However, simple
are relatively poorly understood (Forster et al., 2007). O”esky imagers using photo camera sensors have three broad-
important step towards a better representation of aerosols ig,q wavelength bands to imitate the physiological color re-
future climate models is to improve global aerosol character-sponse, while sky scanners measure in selected narrow wave-

ization from the observational side. length bands. In principal, narrow band response in all-sky
Aerosol distribution and properties may vary strongly on

both temporal and spatial scales, so satellite observations
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1846 A. Kreuter and M. Blumthaler: Feasibility of polarized all-sky imaging

imagers could be achieved by filter wheels or special on-chi®2z Method
filters.
Sky scanning instruments typically measure only two spe-2.1  The radiative transfer model

cific sections in the sky: the principal plane (PP), which is

the vertical plane containing the sun and the zenith, and thd "€ (linearly) polarized sky radiance is described by the
so-called almucantar, which is a scan of the azimuth angldhree Stokes parametefsQ andU, defined for operational

at a constant zenith angle, equal to the solar zenith angl@U"POses as (e.g. Born and Wolf, 1999)
(SZA). With respect to aerosol information, the almucantar

becomes impractical for low SZA because of the decreasin fo+Iso
- : i Q= Io—1Ieo | (1)

amount of scattering angles. This problem may be mitigated U I I3

45— I35

when capturing all hemispheric viewing angles. The infor-

mation of all viewing angles also implies the advantage ofyyhere, are the radiances measured at four polarizer orien-
easier identification of cloud contamination. This is relevant4tiqn anglest, with respect to an arbitrary reference angle.
for the retrieval of aerosol properties since the basic retrievak i polarized all-sky imaging four images at these differ-
assumption is clear sky. With sky scanning instruments, the,n¢ polarizer orientations are recorded. Applying the defini-
symmetry of the almucantar can be used to deduce clear skifop, jn equation 1 at each pixel produces the Stokes parame-
conditions (Holben et al., 2013). ter distributions, which we will simply call Stokes maps. The
Sky scanners have a small FOV ©f1.2” and can thus  method is presented in more detail in Kreuter et al. (2010).
measure the radiance also close to the sun. This is an advan- g, the purpose of this study, we simulate Stokes maps
tage, as the so-called aureole contains the forward scattering,, yifterent aerosol scenarios using model calculations. The
angles and is particularly sensitive to coarse particle scattery,oqel we use is the Monte Carlo radiative transfer model
ing. All-sky imagers \gwth modern CCD sensors withl0*  \ySTIC which is planned to be publicly available in a fu-
pixels have a FO\ 1°. Nonetheless, the aureole cannot be ;e release of the libRadtran Package (Mayer and Kylling,
resolved satisfactorily because of lens flare and OVerexpo00s). The MYSTIC solver has been extensively validated
sure. The difference of direct sun and sky radiance is beyo”‘éKokhanovsky et al., 2010) and is described by (Mayer
the dynamic range of the sensors. ~ 2009; Emde et al., 2010). Here we use a simplified 1-D ver-
Finally, typical photo camera sensors are not optimizedgjon, of MYSTIC, with the restriction of a homogeneous and

for absolute radiometric stability and calibration is elaborate.f5t syrface. with ground albedo (Lambertian reflectance) set
Here, we will circumvent the calibration problem and, in- {5 g 2 throughout this study.

stead of the absolute radiance, we will focus on the polariza- \ve consider three wavelengths, 650, 550 and 450 nm

tion state of the radiance which can be expressed in relativ%ugmy corresponding to the center wavelengths of the red
units. Since aerosol scattering alters not only the sky radianc?R), green (G) and blue (B) channels of typical RGB sensors.
but also its polarization, polarization adds independent meagq, simplicity here, we ignore the bandwidth associated with
surement degrees of freedom with respect to aerosols (e.geq) RGB sensors since, in principal, narrow band filters can
Vermeulen et al., 2000; Boesche et al., 2006; Li et al., 2009) o sed.

Comparing these two complimentary methods, it is inter- s simulations are performed with 8 10* photons result-
esting to ask how all-sky imagers, despite its limitations, caning in a numerical noise of less than 1% relative standard
be used for aerosol c_haracter_ization_. Soin the foII_owing, Wedeviation in the modeled radiances. The viewing angle grid
start out by developing a suitable image analysis methodig set yp in Cartesian coordinates (rather than radial) to pro-
Then we investigate the sensitivity of the proposed featurey,ce 4 constant solid angle for each pixel. Each map consists
vector with respect to different aerosol properties. We con-y¢ o5 25 pixels, resulting in 441 viewing directions, with
sider the optical properties of key aerosol types observed i, oy of 7.5. This resolution allows for a fast computation
worldwide locations and model the corresponding polarizedys the Stokes maps and is sufficient for our study. In reality,

all-sky distributions. Then we show within a suitable repre- i resolution of modern sensors may exceed 300000
sentation, how these different types are distinguishable a”%ixels resulting in a FOV of 1°.

investigate the effect of varying aerosol optical properties

and SZA. Finally, we discuss uncertainties and information2 2 The aerosol model

content and suggest the feasibility of this method to improve

aerosol characterization. As model input the aerosol properties have to be specified,
which may vary considerably depending on their origin. Var-
ious aerosol models for classification have been proposed in
the past (e.g. Shettle and Fenn, 1979; Hess et al., 1998).
Here, as representative realistic aerosols, we consider the
four key aerosol types observed by AERONET in worldwide
locations (Dubovik et al., 2002): urban-industrial aerosol,
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biomass burning aerosol, desert dust aerosol and oceanic The Stokes maps must therefore be transformed to allow
aerosol. For each type, the climatology of microphysical comparison of imaging and sky scanning method or model
properties is given for a number of locations (see Table 1).output. The transformation from the co-rotating to fixed ref-
The microphysical properties of aerosols are defined by @rence frame is realized by a linear transformation, the22
complex index of refraction (with real pastand imaginary  rotation matrix with rotation angle¢ whereg is the az-
partk) and size distribution which is modeled as log-normal imuth:

bimodal:

: —— (7)-(a 3)(F) g
dv(r) Cy.i Inr—Inry; Uy —sin2p cos U/
dinr ; V2r o; eXp|:_ 20; :| )

The first Stokes component (the radiardges unaffected by
Parameter€'y ;, ry.; ando; are particle volume concentra- the transformationQ, andUr are the rotated Stokes param-
tion, median radius and standard deviation, respectively, foters that will be determined with a polarized all-sky imager,
two modes, a fine and a coarse mode. We denote the ratiBPPlying Eq. (1) at each pixel. In Fig. 2, the maps from the
of fine and coarse mode concentration as fine mode fractio@Pove example (in Fig. 1) are shown in the rotated bas,
(FMF). andU,. Note that the rotated maps are smooth over the pro-

Here we On'y consider homogeneousy Spherica' partic|eiection, and the Singularity at the zenith is eliminated by the
as a simplification to apply Mie theory (Mie, 1908). This transformation. This will be a useful advantage for the image
yields the scattering phase matrix, which is then used as inpt@nalysis in the next section.
for the radiative transfer model. Note that for the scattering Finally, we normalize the rotated Stokes componedis
phase matrix, only the FMF is relevant, not the absolute val-2andUr with the radiancd at each pixelso we consider the
ues of the volume concentratioi, ;. The actual aerosol relative quantitieg),/I andU,/I. These relative Stokes maps
concentrations are scaled implicitly by setting the AOD in areé shown in Fig. 3. This has two distinct advantages, espe-
MYSTIC. The aerosol vertical distribution is taken as con- cially when using a commercial digital camera for imaging.
stant up to the height of 5km and is zero above this height. First, absolute radiometric calibration is elaborate, has to
Table 1 summarizes the values used for the Mie calculationsoe performed regularly and typically requires temperature
We applied the well-validated Mie code by Wiscombe (Wis- Stabilization in field operation. Even then, the calibration ac-
combe, 1980) which is implemented in the libRadtran tool- curacy is of the order of 5%. Second, the aureole is gen-
box (Mayer and Kylling, 2005). The size distribution has erally difficult for analysis because of the large difference
been set up Withimin = 0.001 um andrmax= 20 um with  ©Of direct sun irradiance and sky radiance, leading to overex-
2000 radii with equal spacing in the logarithmic scale. The Posed pixels and lens flare. In the normalized Stokes maps,
number of Legendre p0|ynomia|s describing the phase func.the aureole is Welghted least and is natura”y eliminated. So
tions is 1000, which is sufficient here because sharp forwardur processing eludes the requirement of absolute calibration
Scattering peaks are not relevant, as shown later. and reduces the impaCt of undesired aureole artifacts.

An example of three simulated Stokes map#,af andU The next question we address is the efficiency of data rep-
is shown in Fig. 1. The maps have been modeled for a SzA'€sentation in the Stokes maps, to make it more feasible for
of 60° at a wavelength of 650 nm and the urban aerosol typea retrieval algorithm. The data considered here, involve two
a (Greenbelt, USA) with an aerosol optical depth (AOD) of relative Stokes maps at three wavelengths, i.e. minimum of
0.23. The maps are oriented such that the PP is horizontaR5 x 25 pixelsx 2 x 3, on the order of Iddata points. Real
The center of the projections coincides with the zenith anddata from digital images may be even higher by a factor of
the outer circle corresponds to the horizon. The sun’s azimutnore than 1000. This number is neither efficient in data rep-
angle is 0. The aureole is clearly visible in thecomponent. ~ résentation, nor tractable for an inverse problem involving

optimization.
2.3 Image analysis Any function can be represented as coefficients of basis

functions, such as a Fourier series. For the hemispherical pro-
There exists one fundamental difference between the conjections considered here, 2-D functions, such as the Zernike
ventions of all-sky imaging and radiative transfer modeling, polynomials are well suited. Zernike polynomials define an
which has adopted the convention of the scanning methodorthonormal basis on the unit disk and are commonly used
For a sky-scanning instrument, the reference angle for thén applied optics to describe imaging distortions (Born and
Stokes vector is defined with respect to the viewing direc-Wolf, 1999). The Zernike polynomials are indexed by two in-
tion, i.e. the instrument reference frame rotates along withtegersy andm, associated with radial and azimuthal degrees
the viewing azimuth angle. In the imaging method (using aof freedom. Here we use a single ordering number, derived
rotating polarizer in the image plane), the Stokes referencdoy first sorting the radial, then the azimuthal number. The
angle is constant across the image plane, independent of thfest orders correspond ta(m): (0,0), (1-1), (1,1), (2-2),
viewing azimuth angle. (2,0), etc.
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Table 1.Microphysical properties of the four representative aerosol types observed at different locations. Urban aerosol: Greenbelt, USA, (a),
Paris, France (b), Mexico City, Mexico (c), Maldives (d). Biomass burning aerosol: Amazonian forest, Brazil (e), South American cerrado,

Brazil (f), African Savanna, Zambia (g), Boreal forest, USA/Canada (h). Desert dust aerosol: Bahrain, Persian Gulf (i), Solar Village, Saudi
Arabia (j), Cape Verde (k). Oceanic aerosol: Lanai, Hawaii, USA (1).

Urban Biomass Desert Oceanic
a 1.40,0003 e 147,0.00093 i 1.55,0.0025 | 1.36,0.0015
b 1.40,0009 f 1.52,0015 | 1.56,0.0029
n.k ¢ 1.47,0014 g 151,0021  k 1.48,0.0025
d 1.44,0011 h 1.50,0.0094
a 0.16,323 e 0.15 350 i 015254 | 0.16,2.70
b 0.16,295 f 0.14,3.50 i 012,232
rvfirve (Hm) c 014,296 g 0.13,3.50 k 0.12,1.90
d 018,28 h 0.16,3.29
a 0.38,075 e 0.40,0.79 i 042,061 | 0.48,068
b 043,079 f 0.47,0.70 i 0.40,0.60
Of:0c c 043,063 g 040,073 k 0.53,0.59
d 046,076 h 0.43,081
a 00600026 e 0.0480.020 i 0.060,035 | 0.16 0.32
32 D 00580030 f 0040,0052 | 0028,0.37
Cvy, Cve (MMPUNT) ¢ 0048,0.044 g 0.048,0.036 k 0.028,0.36
d 0.048,0.060 h 0.050,0.022
a 23 e 24 i 017 | 050
b 1.9 f 077 i 0075
FMF c 11 g 13 k 0.078
d 0.80 h 23

U

0 180

180

-0.01 0 0.01 -0.02 0 0.02

Fig. 1. Polar plots of the Stokes mapsQ andU from model calculations for 650 nm, SZA60° and urban aerosol type a (Greenbelt, USA)
with AOD = 0.23. Azimuth angles are shown, while the zenith angles are indicated as concentric circles of 30, 60 srgp86&tively. The
radiance values are normalized to the extraterrestrial irradiance.

By describing the relative Stokes maps/I andU/I in that sense, th@,/I maps andl,/I maps are mutually or-
terms of the first few Zernike coefficients (ZC), we can con- thogonal and the ten-component vectors of ZC of each rela-
siderably reduce the number of independent measuremetiive Stokes map can simply be added, which is equivalent to
parameters. The first ten ZC are shown in Fig. 4, togethethe first ten ZC of the sum of the map@{+ U,-)/I.
with polar plots of the first Zernike polynomials. Note that  Concatenating the ZCs of all three wavelengths 650, 550
Zernike polynomials of order 1, 3, 5, 6, 9 and 10 are sym-and 450 nm yields a 30-component vector representing our
metric about the principal plane and only the correspond-data. In pattern recognition and machine vision research,
ing ZC of the symmetri@,/I maps are non-zero. The anti- such a measurement vector is commonly called feature vec-
symmetricU,/I maps are described exclusively by the ZC of tor (FV), a term we will also adopt in this work.
the anti-symmetric polynomials of order 2,4,7 and 8. So in
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Fig. 2. Rotated Stokes map@, and Uy from model calculations
for 650 nm, SZA=60° and urban aerosol type a (Greenbelt, USA)
with AOD =0.23.

Zernike coefficient

1 2 3 4_5 6 7 8 9 10
Zernike order

M A\ M\
Y, V-,

Fig. 4. The first ten Zernike coefficients for the maps@f// and
Uy/1, defining the feature vector for 650 nm. Shown above are polar
plots of the first four symmetric Zernike polynomials (order 1, 3,
5 and 6) yielding the coefficients for the maps@f/I. The anti-
symmetric Zernike polynomials (order 2, 4, 7 and 8) yielding the
Fig. 3. Rotated relative Stokes mapg// andUy/I from model cal- coefficients for the maps @f;/I are shown at the bottom. The polar
culations for 650 nm, SZA=60° and urban aerosol type a (Green- axes are the same as for the Stokes maps in Figs. 1-3.

belt, USA) with AOD=0.23.

05 02 0.1 03 0 03

Table 2. AODs used for modeling the aerosol scenarios. The AOD
at 450 nm determines the AOD at 550 nm and 650 nm by the
Angstiom relation withe = 1.5 for fine mode dominated urban and
biomass burning aerosol and= 0.5 for coarse mode dominated
desert and oceanic aerosol.

3 Results

3.1 Aerosol FV space representation

We simulate the Stokes maps for the 12 aerosol properties AODseg AODgso

from Table 1 for SZA=60° and the AOD at 450 nm set

to 0.4. The AODs at 550 and 650 nm are determined by Urban/  Desert/ Urban/  Desert/
the Angstiom exponentr which is the negative slope of AOD4sp  Biomass  Oceanic Biomass  Oceanic
log(AOD) plotted against log( (e.g. Eck et al., 1999). Here, 0.4 0.30 0.36 0.23 0.33

« is taken as 1.5 for fine mode dominated urban and biomass 0.2 0.15 0.18 0.12 0.17
burning aerosols and 0.5 for coarse mode dominated desert 0.1 0.07 0.09 0.06 0.08

and oceanic aerosols, which are typical values for these types
of aerosols (Dubovik et al., 2002; Eck et al., 1999). The
AODs are listed in Table 2.

The resulting 12 FVs (a-l) span the FV space. We stan-and a decreasing contribution from Rayleigh scattering in the
dardize the FV components so that the mean of the distri-Stokes maps. Note also that the desert type aerosols (i—k)
bution of each component is zero. The standard deviation istand out against the other types.
not normalized to unity since the absolute and not the rela- The FV space is a multivariate distribution, showing sig-
tive errors of the FV components are roughly constant. Thenificant correlation between its components. This is because
standardized FV space is shown as a matrix in Fig. 5, wherehe characteristic shape of the Stokes maps is largely in-
the rows are the FVs of each aerosol. In general, the variavariant under the influence of different aerosol types and
tion of the FV components between the aerosols is increasingainly the amplitude changes, affecting all ZCs in a similar
with wavelength because of decreasing multiple scatteringvay. Considering this correlation, the number of independent
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<— 650 nm —»<— 550 nm —><— 450 nm —» x axis scale (by a factor of five), the error bars of PC1 are
c? L1 ] 011 negligibly small in the plot and have been omitted.
5 EEEE ] 0.08 " . .
£ < EEEE ] : Note that there are also uncertainties associated with the
2 e 0.05 microphysical properties in Table 1 due to the uncertainties
§ g EEEE EEE 0.02 in the retrieval_(Dubovik et al., 2000). The;e may in some
< ,h B EEEE E-EEEE T -0.01 cases be con3|dergble (e.g. for the vqlue§ bfk is small)
2 f( = ==== = = = —004 and may also deviate from reported in situ measurements,
e, | ~0.07 but are not relevant for our argument and are not considered
5 10 15 20 25 30 : here
Standardized feature vector component :

Fig. 5. Standardized feature vector space for representative aerosal .
components: Rows correspond to FVs for the 12 aerqselyas ~ 3-2 Effect of aerosol properties and SZA
specified in Table 1. FV-components 1-10 correspond to 650 nm,
components 11-20to 550 nm and 21-30 to 450 nm. Standardizatiofye now investigate the individual influences of the micro-
is such that the mean of each column is zero. physical properties to see the effect on their PCs. We focus
on two specific aerosols, the urban type a (Greenbelt, USA)
and desert type i (Bahrain, Persian Gulf). Keeping all other
parameters constant we individually varyk and the FMF.
parameters in the FV can be further reduced. The rotatiorThe result of this variation is depicted in Fig. 6b.
matrix that diagonalizes the covariance matrix of the FV Increasing: of the urban aerosol from 1.4 to 1.5 causes
space projects each FV onto the so-called principal axes. Thboth PCs to increases. The same effect is observed in oppo-
eigenvalues of the rotation matrix are the variances alongsite direction whem of the desert aerosol is decreased from
each axis. In case of high correlation, most eigenvalues aré.55 to 1.45 and 1.4. Varying has the opposite effect as
close to zero and only the first few coordinates in this trans-varying n, as noticeable for both aerosol types. A higher
formed coordinate system have to be considered. This is and lowerk implies enhanced scattering and lower values of
common tool in statistical analysis, called principal compo- Q andU'.
nent analysis (PCA). Then we look at the effect of a changing FMF. Decreasing
We find that the first two PCs relate to 99 % of the total the FMF of the urban aerosol from 2.3 down to 0.2, has the
variance. So the 30-dimensional FV can be projected onto &ffect of increasing PC1 and decreasing PC2. A higher FMF
plane in two dimensions with the highest variances, with thethan 2.3 has negligible effect, the fine mode seems to be al-
first two PCs being the new coordinates. In this PC represenready dominant. For the desert aerosol the original FMF is
tation, the FV space is conveniently visualized as shown inconsiderably lower at 0.17, but the effect of a FMF variation
Fig. 6a. All aerosols are clearly distinguishable. The deseris in the same direction as for the urban aerosol.
type aerosols are clustered at high PC1 values around 0.15, So with these observations, we better understand the distri-
while urban and biomass burning aerosols tending toward$ution of the aerosols in the PC representation in Fig. 6a. The
lower PC1 values of around0.5. Urban and biomass burn- most prominent difference between the urban/biomass and
ing aerosols overlap partially, with biomass burning aerosolghe desert aerosol is their size distribution or FMF. Urban and
tending towards a higher PC2 than urban. biomass aerosols are fine-mode dominated, typically with
To gauge the distance between the points in Fig. 6a thefrMF > 1 and are separated from the coarse mode dominated
have to be compared with the precision with which they candesert aerosols (FME0.2) by a lower PC1. Note that in
be determined from a measurement. Since the PCs are indierms of volume concentrations, the coarse mode is over rep-
rectly derived from the Zernike coefficients, analytical error resented as compared to number concentrations, since large
propagation is not suitable here and we estimate the megparticles contribute more effectively to volume. So in terms
surement error in PC space by a Monte Carlo method. Weof number concentrations, the ratio of fine and coarse mode
add random, Gaussian noise to the modeled radiances armbncentrations is much larger.
simulate the complete measurement process, i.e. computing Biomass aerosols are generally characterized by a higher
Io, 145, Igp and I135 and deriving thel, Q andU. Thenwe  n around 1.5 as compared to a typiealof 1.4 for urban
rotate the 50 generated FVs into PC space. aerosols. This explains the tendency to higher PC2. How-
A statistical error of 5% of the lowest intensity (which ever, the absorption parameterof biomass aerosols may
coincides to about 90scattering angle) has been added vary considerably depending on details of the combustion
as random pixel noise. The resulting relative error is onlyprocess. African savanna fires (aerosol type g) are typically
around 1% for the first two FV components and in PC in the flaming phase producing significant amounts of black
space corresponds to a standard deviation of PC1 and PG&rbon and thus exhibit a highér In PC space it almost
of 0.0012 and 0.0017, respectively. The standard deviationsoincides with the most absorbing urban aerosol from Mex-
of PC2 are plotted as error bars in Fig. 6a. Due to the largeico City (c). The aerosols from smoldering phase dominated
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Fig. 6. (a) First two principal components of the feature vector space of the four representative aerosol types: urban (a—d), biomass burning
(e—h), desert (i—k) and oceanic (I). The colored shading is meant to guide the eye in grouping th¢ip)@atsie aga) but with individually

varied microphysical properties of urban aerosol type a and desert aerosol type i, keeping all other parameters constant at the values given il
Table 1. Varying: is indicated with markers+", varying k with markers “x” and FMF with markers “*".

amazon forest fires (aerosol type e) are much less absorptiv@f course, the less the amount of aerosols that influence the
and range at the high end of PC2. radiance, the less distinguishable the different types become.
The desert type aerosols are distinguishable by their smalNevertheless, even at a relatively low AOD of 0.1, the differ-
FMF and consequent high PC1. The desert aerosol from thent aerosols types are still clearly distinguishable. The qual-
island Cape Verde (k) has the smallestf 1.48, maybe from ity assurance criteria for the AERONET retrievalmofindk
humidified particles, resulting in such a small PC2 similar restrict the AOD> 0.4 at 440 nm (Holben et al., 2013).
to the oceanic aerosol. Oceanic aerosols from Lanai, Hawaii Finally, we investigate the influence of SZA on the FV
() mainly contain sea salt and water soluble particles andspace and generate the same FV space as for Fig. 6 (AOD
are characterized by the lowestof 1.36 and consequently 0.4) but for lower SZAs of 45, 30 and 1Shown in Fig. 7b.
the lowest PC2. Its FMF is 0.5, higher than desert aerosoldVith decreasing SZA, the FV space area decreases while the
and lower than urban aerosols, so it occupies the intermediaterror bars are independent of SZA. This again corresponds
PC1 range. to a decrease in information content of a measured FV and
Next, we investigate the influence of AOD on the FV is a result of a reduction of observable scattering angles in
space. The AOD is determined by the total columnar aerosothe sky. Nevertheless, the different aerosol types are still dis-
concentration and may vary considerably between locationstinguishable at low SZA of 15 This relative insensitivity to
For urban aerosols, e.g. the average measured AOD is 0.28ZA is due to the consideration of the complete sky hemi-
at 440 nm in Greenbelt, USA, while in Mexico City the av- sphere, and even with the sun in the zenith (SZ®) scat-
erage AOD is 0.43. The biomass burning in the South Amer-tering angles of up to 90from the horizon are included in
ican cerrado, Brazil causes an average AOD of as high athe FV.
0.8, while at the pristine location of Lanai, Hawaii, the AOD  In the almucantar, the range of scattering angles decreases
averages at 0.04. dramatically at lower SZA and retrieval schemes considering
The AOD has a strong influence on the polarized radiancesky radiance measurements in the almucantar become more
and for a direct comparison between aerosol types, we simudifficult (Dubovik et al., 2000) which imposes a limit on the
lated all types with the same AOD at 450 nm for Fig. 6. Now, observation schedule. The standard AERONET operation in-
we generate the same FV space for lower AODs of 0.2 anctludes almucantar measurements only to at a minimum of
0.1 at 450 nm. The corresponding AOD at 550 and 650 nm50° SZA (Holben et al., 2013).
are again determined by tbﬁmgstrbm relation witha = 1.5
for urban and biomass aerosols ane: 0.5 for desert and
oceanic aerosols and are given in Table 2.
The effect of decreasing AOD is shown in Fig. 7a. The PCs o
of the aerosol types move closer together, i.e. the FV spacé-1 Uncertainties
area is shrinking, which is related to the information content

4 Discussion

of the FV with respect to the aerosol properties. Also with There are two types of uncertamtles' associated W'th Fhe
H:éc space. In Sect. 3, we have estimated the statistical

decreasing AOD, the error bars decrease slightly because t o o L .
g gnty ncertainties of the FV arising from random noise in the radi-

radiance decreases and hence the noise in our noise mod&f . . .
ances measured on each pixel of an all-sky imager. The noise
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Fig. 7. (a) Effect of AOD on the PC representation of all aerosol types. The information content can be visualized as the area occupied by all
points (of equal AOD) and decreases with decreasing A@PEffect of SZA on the PC representation of all aerosol types. The information
content decreases with decreasing SZA.

in the radiances have been propagated to the PC-space bycansiderable short cut has been suggested (R. Buras, personal
Monte Carlo method (Error bars in Figs. 6a and 7a, b). Thecommunication, 2012). Instead of calculating the polarized
statistical errors of the FVs are indeed very small and this in+adiances for each viewing angle, and hence the ZC, the ZC
sensitivity to pixel noise is a result of averaging. The Zernike can be calculated directly by weighting the random photon
coefficients are a weighted sum of the whole image and angirections in the MC-model with the Zernike polynomials.
statistical noise is effectively averaged out. Real camera im-

ages typically have a lot more pixels which would further 4.2 Information content

reduce the standard deviation of the PCs by an order of mag- . ) )
nitude. However, in reality other noise sources may be morel "€ information conten/ of a measurement can be defined

relevant such as artifacts due to dirt on the lens or obstacleldl terms of prior and posterior covariances of the FV space,
on the horizon, which will have to be detected and eliminated> @12 (€.g. Rodgers, 2000):
by image processing filters using a smoothness criterion on 1 1
the Stokes maps. H= Elog ‘81551‘ = 2—Iog|51|. (4)
Another type of uncertainty is related to the modeling g
of aerosol scattering. It is been pointed out that desert duskor our statistical noise model, the corresponding uncertain-
aerosols are typically non-spherical and more appropriatelfiies in PC1 and PC2 are uncorrelated and the posterior co-
modeled by spheroids. Ignoring this fact may cause considvarianceS; can be taken as a constanshown as the error
erable systematic errors in the retrieval of dust propertiedoars in Fig. 6a.
(Dubovik et al., 2006). In particular for side and backscat- The argument of the logarithm in Eq. (4) has the dimen-
tering angles, the scattering by spheroids is less angle desion of a generalized volume defined by the eigenvectors of
pendent than scattering by spheres. But modeling the scattethe covariance matrix. In our two-dimensional PC represen-
ing of non-spherical particles is computationally far more in- tation, this corresponds to the area of a rectangle with side
volved than Mie calculations or requires simplified assump-lengths of the standard deviations of PC1 and PC2 of the FV
tions. Here we have restricted our study to spherical parti-Space.
cles and the effect of non-sphericity on the PC representa- As an easier visualization, the area occupied by all points
tion of desert aerosols should be subject of further investigain the FV space, can be used as a relative measure of the in-
tions involving, for example, the efficient T-matrix method formation content. This is a useful concept in this context to
of Mishchenko and Travis (1994). understand the effect of AOD and SZA on the FV space. We
Both types of uncertainties are relevant for the accuracyalso used the idea of FV space area to find the optimal num-
of retrieved aerosol optical properties. For quantitatively as-ber of ZC defining the FV. The FV space area increases with
sessing the retrieval accuracy, an inversion algorithm hagncreasing ZC, leveling off after ten components per wave-
to be applied. In fact, the maximum likelihood estimation length. Using 16 ZCs, the area only increases by 2% com-
method that has been implemented in the AERONET schemgared to 10 ZCs.
(Dubovik and King, 2000) could be adopted for our FV  Furthermore, we can compare other conceivable FV def-
without modification. An efficient optimization procedure initions with respect to their information content. For our

relies on efficient modeling of the FV and to this end, a definition, we used both relative Stokes parameg/g and
U/I in order to involve the maximum amount of information
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